Tissue-specific promoters play an important role in plant molecular farming. Here, we describe a strategy to modify the tissue specificity of a maize embryo-specific bidirectional promoter P ZmBD1 . Six types of cis-elements, i.e. RY repeats (R), GCN4 (G), the prolamin box (P), Skn-1 (S), and the ACGT and AACA (A) motifs, were collected and fused to P ZmBD1 to generate eight chimeric putative bidirectional promoters. Qualitative and quantitative analysis of reporter genes driven by the promoters showed that two promoters exhibited high seed-specific bidirectional activity in maize transient and stable transformed systems. The stronger one was chosen and fused to the intergenic region of two gene clusters consisting of four anthocyanin biosynthesis-related genes (ZmBz1, ZmBz2, ZmC1 and ZmR2) and seven reporter genes, resulting in the first embryo and endosperm anthocyanin-rich purple maize. Anthocyanin analysis showed that the total anthocyanin content reaches 2,910 mg kg -1 DW in transgenic maize and cyanidin is the major anthocyanin in transgenic maize, as in natural varieties. The expression profile analysis of endogenous genes showed that the anthocyanin biosynthesis pathway was activated by two transgenic transcription factor genes ZmC1 and ZmR2. Our results indicate that both the modification strategy and these functionally characterized tissue-specific bidirectional promoters generated could be used for genetic research and development of plant biotechnology products. The anthocyanin-rich purple maize could provide economic natural colorants for the food and beverage industry, and valuable germplasm for developing anthocyanin-rich fresh corn.
Introduction
Over the past few decades, plant bioreactors have been used to produce high value-added products, including antibodies (Hiatt et al. 1989 , Galeffi et al. 2005 , vaccines (Jani et al. 2002 , Huang et al. 2005 ) and functional proteins (Chen et al. 2004 ) for animal and human therapy, as well as phytase for livestock feed (Chen et al. 2013 ) and fungal laccase for sewage treatment (Hood et al. 2003) . All of these seed-derived proteins rely on seed-specific promoters that determine the temporal and spatial expression patterns of downstream genes. The regulatory mechanisms of tissue-specific expression have been investigated extensively, and a set of transcription factors has been shown to recognize cis-elements in the promoter region that mediate tissue-specific transcription. Most of the seed-specific promoters have been derived from seed storage protein genes (Woo et al. 2001, Kawakatsu and Takaiwa 2010) , including zein genes in maize (Schroder et al. 2011 ) and glutelin genes in rice (Kawakatsu and Takaiwa 2010) . GCN4 is an important conserved motif found in promoters involved in seed-specific expression (Takaiwa et al. 1996, Kawakatsu and Takaiwa 2010) . Mutations in the GCN4 motif of the GluB-1 promoter not only alter the b-glucuronidase (GUS) expression pattern, but also dramatically reduce its expression level (Wu et al. 1998b) . When GCN4 multimers were fused to the 46 bp 35S Cauliflower mosaic virus (CaMV) core promoter, the resulting hybrid promoter exhibited a high level of activity (Wu et al. 1998b) . Combinatorial interactions of GCN4 with the prolamin box, AACA or ACGT motif have been suggested to mediate a high level of promoter activity in the seed, while in the absence of the prolamin box, AACA or the ACGT motif, the GCN4 motif results in very low promoter activity in seeds (Washida et al. 1999 , Wu et al. 2000 . Moreover, without GCM4, neither the three cis-elements nor their multimers alone could confer seedspecific transcriptional activity on the promoter (Wu et al. 2000) . Generally, GCN4 is considered as a qualitative cis-element that controls seed specificity, and the prolamin box, AACA and ACGT motifs are quantitative cis-elements that interact with GCN4 synergistically, contributing to the strength of the promoter. Skn-1 contains half of the palindromic sequence (Blackwell et al. 1994 ) that usually accompanies GCN4 to modulate expression (Washida et al. 1999) . RY repeats are another conserved motif involved in modulation of seed-specific expression (Bobb et al. 1997 , Reidt et al. 2000 . Similar to the GCN4 motif, fusion of Skn-1 multimers to a minimal 35S CaMV promoter can confer the chimeric promoter with specific transactivation in seed (Bobb et al. 1997) .
Bidirectional promoters are a special type of promoter that can drive the expression of two adjacent genes coded on opposite DNA strands in diverse species. Despite the potential of bidirectional promoters in plant research, studies on bidirectional promoters in plants (Dhadi et al. 2009 , Wang et al. 2009 , Liu et al. 2014 ) lagged behind those in microorganisms (Neil et al. 2009 ), animals (Yang et al. 2008 , Uwanogho et al. 2010 and humans (Adachi and Lieber 2002 , Trinklein et al. 2004 , Bellizzi et al. 2007 , Lin et al. 2007 . One bidirectional promoter was reported in Brassica napus in 1994 (Keddie et al. 1994) , and the first natural bidirectional promoter of a gene pair CaTin1 and CaTin2 was characterized in the hot pepper plant approximately 10 years later (Shin et al. 2003) . In rice, a bidirectional promoter derived from the gene pair OCPI1 and OCPI2 was confirmed in transiently transformed onion epidermal cells (Singh et al. 2009) , and four bidirectional promoters were shown to display different tissue-specific activity in transgenic rice (Wang et al. 2016 ). Due to the small genome size of the model organism Arabidopsis thaliana, many studies on bidirectional promoters have been performed on this species. A long bidirectional promoter (2,177 bp) was shown to drive simultaneous expression of the dual reporter genes, green fluorescent protein (GFP)/GUS (Mitra et al. 2009) , and a short bidirectional promoter (351 bp) was shown to induce the expression of proteins involved in plant antioxidant defenses (Bondino and Valle 2009) . Anther-specific and embryo sac-specific bidirectional promoters from two T-DNA promoter trap lines (Pratibha et al. 2013 , Sharma et al. 2015 , a heat-inducible bidirectional promoter (Mishra and Grover 2014) and an asymmetric bidirectional promoter whose two ends exhibited different tissue specificities (Liu et al. 2015) have also been demonstrated. In contrast, few studies have focused on the nature of bidirectional promoters in maize, except in our previous work where the embryo-specific asymmetric bidirectional promoter P ZmBD1 was reported. However, the excellent bidirectional transcriptional activity of P ZmBD1 was restricted to the embryo, limiting its use in other tissues (Liu et al. 2016) .
Anthocyanins belong to the flavonoids, which represent a large family of low molecular weight polyphenolic secondary metabolites widespread throughout the plant kingdom, ranging from mosses to angiosperms (Koes et al. 1994) . Their antioxidant function for health prevention and treatment of obesity and diabetes has been widely demonstrated in epidemiological studies, animal studies, in vitro assays using cell lines and tissues, and clinical studies (Olivas-Aguirre et al. 2016) . Two classes of genes (about 20 biosynthetic genes) are involved in the flavonoid pathway: the structural genes encoding enzymes that directly participate in the formation of flavones and flavonoids, and regulatory genes forming a Myb-bHLH-WD complex that control the expression of the structural genes (Petroni et al. 2014) . Some biofortification studies have successfully engineered the anthocyanin biosynthesis pathway by manipulating structural or regulatory genes expressed ectopically. Expression of the snapdragon transcription factor genes Del and Ros1 in tomato resulted in high anthocyanin purple fruits (Butelli et al. 2008) . Co-expression of AtMYB12 with Del and Ros1 resulted in a 2-fold increase in anthocyanin content compared with Del/Ros1 tomatoes . Historically, studies of anthocyanin in maize contributed mainly to the discovery of transposable elements by McClintock (1950) , while no anthocyanin engineering studies have been reported in maize seed except in maize cell lines (Grotewold et al. 1998) . Only recently, the introduction of two maize transcription factor genes (Lc and Pl) and six structural genes (SsCHS, SsCHI, SsF3H, SsF30H, SsDFR and SsANS) from Coleus driven by eight different endosperm-specific promoters resulted in anthocyanin expression in the rice endosperm (Zhu et al. 2017) . We recently reported a 'Purple Embryo Maize' by introducing four anthocyanin biosynthesisrelated genes (ZmBz1, ZmBz2, ZmC1 and ZmR2) using a multigene expression system derived from an embryo-specific bidirectional promoter P ZmBD1 and self-cleaving 2 A peptides. In these transgenic lines, anthocyanin accumulated mainly in the embryo because the two regulators C1 and R2 were expressed in the embryo (Liu et al. 2018) .
Here, we describe a strategy of modifying promoter tissue specificity by which eight groups of seed-specific cis-elements were fused to P ZmBD1 , generating eight chimeric putative bidirectional promoters. The characteristics of the chimeric promoters in transiently transformed immature embryos, endosperm and transgenic maize plants demonstrate that the eight chimeric promoters maintain activity in both directions in the embryo, and two (P R5SGPA and P 2R5SGPA ) of them achieved endosperm expression activity. Based on these results, P 2R5SGPA was chosen to test its characteristics in a multiple gene expression strategy. The system resulted in the rebuilding of the anthocyanin biosynthesis pathway in maize endosperm and embryo when P 2R5SGPA directed the expression of two gene clusters (11 genes, four of which are anthocyanin biosynthesis genes: ZmBz1, ZmBz2, ZmC1 and ZmR2) in the transgenic maize.
Results
Design and synthesis of chimeric bidirectional promoters with seed-specific cis-elements Promoter characteristics are controlled by the arrangement of various cis-elements with a specified location, order and distance between them. To modify the embryo-specific bidirectional promoter to allow for expression in the whole seed, we collected the seed-specific cis-elements shown in Table 1 . The GCN4 motif and RY repeats are involved in controlling seedspecific expression, and the remaining four motifs, the prolamin box, Skn-1, and the ACGT and AACA motifs, are considered quantitative cis-elements that regulate the expression levels (Wu et al. 2000, Kawakatsu and Takaiwa 2010) . According to gain-of-function studies using GCN4/Skn-1 multimers, the prolamin box, and the ACGT and AACA motifs, we used pentamers of the GCN4 and Skn-1 motifs and single copies of the remaining motifs for this synthesis strategy (Fig. 1) . In addition to the above parameters, the types of combination of cis-element, its position effect, distance to the transcription start site and assembly order were also taken into account. The RY and ACGT/AACA motifs were always the most upstream and downstream, respectively, and Skn-1/GCN4, Skn-1 and the prolamin box, Skn-1/GCN4 and the prolamin box, or Skn-1 pentamer/GCN4 pentamer and the prolamin box situated between the RY and ACGT/AACA motifs formed the four basic combinations: RSGA, RSPA, RSGPA and R5SGPA, respectively (Fig. 1A) . The four basic combinations were integrated 250 bp upstream of the two transcription start sites of the embryo-specific bidirectional promoter P ZmBD1 , generating the four chimeric putative bidirectional promoters (P RSGA , P RSPA , P RSGPA and P R5SGPA ) shown in Fig. 1B . Finally, another four chimeric bidirectional promoters (P 2RSGA , P 2RSPA , P 2RSGPA and P 2R5SGPA ) were generated by replicating each of the four basic groups (Fig. 1B) . Detailed descriptions of the sequences are shown in Supplementary Table S1 .
Functional test of the synthetic chimeric bidirectional promoters using a transient expression system
To generate the eight expression vectors, the putative chimeric bidirectional promoters were integrated into a dual reporter gene vector (Liu et al. 2016 ) by replacing P ZmBD1 ( Fig. 2A) . These constructs were then used for particle gun-mediated transient transformation of immature embryos and endosperms of 20 DAP (days after pollination) Hi-II maize. Following bombardment, promoter activity was analyzed by visualization of GFP fluorescence and GUS staining. As shown Wu et al. (1998a Wu et al. ( , 1998b , Washida et al. (1999) ACGT OsGluB-1 GTGTACGTGC Washida et al. (1999) , Wu et al. (2000) a Letters in bold represents a conserved core motif.
in Fig. 2B , the eight putative chimeric bidirectional promoters maintained bidirectional promoter activity to drive expression of the reporter genes in the embryo. GFP and GUS expression in the endosperm indicated that the fused seed-specific cis-elements confer new tissue specificity to the chimeric bidirectional promoters (Fig. 2C) . These results suggest that the synthetic chimeric putative promoters function as bidirectional promoters with promoter activity in the seed.
Comparative analysis of tissue specificity and strength of the chimeric bidirectional promoters in transgenic maize plants
To analyze the tissue specificity and strengths of the eight chimeric bidirectional promoters, stable transformed Hi-II maize plants were generated with the eight constructs and P ZmBD1 by Agrobacterium-mediated transformation. All eight chimeric bidirectional promoters, with the exception of RSPA, produced stable transgenic plants. Maize tissues at various developmental stages were collected for tissue specificity by visualization of GFP fluorescence, GUS staining and quantitative strength analysis of GUS activity. Non-seed tissue analysis results revealed that the seven promoters have no transactivity in these tissues ( Supplementary Fig. S1 ).
In the comparative analysis in Fig. 3 , seven promoters exhibited bidirectional promoter activity similar to that of P ZmBD1 in embryos at each of the four developmental stages (Fig. 3) , which were consistent with observations in the transient expression assay (Fig. 2B, C) . No promoter activity was detected (B and C) Functional analysis of putative promoters in the maize transgenic system. A particle delivery system was used to mediate the transformation of immature embryos (B) and endosperm (C). Bright, GFP and GUS indicate the bombarded immature embryos or endosperm imaged in bright field mode, dark field mode with a GFP filter set and bright field mode after staining, respectively. Scale bars = 1.0 mm. in non-seed tissues including the root, stem, leaf and sheath in the large trumpet stage (Supplementary Fig. S1 ). However, the promoter strength of the seven promoters in the embryo was weaker than that of P ZmBD1 (Fig. 4) and the order of promoter strength at the late stage of embryo development from strongest to weakest was P RSGA , P 2RSGA , P 2RSPA , P RSGPA and P 2RSGPA . The results suggested that promoter strength is negatively correlated with the number of seed-specific cis-elements (Fig. 4) . However, the bidirectional promoters P R5SGPA and P 2R5SGPA with pentamer SG cis-elements exhibited similar promoter strengths to P 2RSGA in the embryo (Fig. 4) .
The transcriptional activity that resulted from the expression of the seven chimeric bidirectional promoters in endosperm tissue was more diverse. With the exception of the aleurone layer, the P RSGA and P 2RSGA promoters did not drive expression of the dual reporter genes in the endosperm at any of the four developmental stages (Fig. 3) . Hence, the GUS activity detected in the endosperm was derived from . Bright, GFP and GUS indicate the immature embryos or endosperm imaged in bright field mode, dark field mode using a GFP filter set and bright field mode following staining, respectively. P ZmBD1 is considered an embryo-specific bidirectional promoter control. Untransformed seeds corresponding to the various developmental stages are shown at the left side of each image; the untransformed seeds were fused to the dark field without GFP signal in the GFP picture. Yellow, red and purple arrows indicate the endosperm, embryo and aleurone layer, respectively. Scale bars = 1.0 mm. the embryo-specific bidirectional promoter P ZmBD1 in the aleurone layer (Fig. 4) . P 2RSPA exhibited bidirectional promoter activity in 15 DAP endosperm (Fig. 3A) and polar promoter activity during the other three developmental stages ( Fig. 3B-D) . The P RSGPA and P 2RSGPA promoters resulted in GUS activity in the outer portion of the endosperm at all four developmental stages, and the expression range of P 2RSGPA was greater than that of P RSGPA (Fig. 3C, D) , while the GFP signal was only detected in the central region of the endosperm (Fig. 3C, D) . However, although the new ciselement groups conferred endosperm specificity to the chimeric promoters P RSGPA and P 2RSGPA , the expression level of GUS driven by these promoters in the outer endosperm was lower than that driven by P ZmBD1 in the aleurone layer (Fig. 4) . The expression level or expression pattern in the kernel of promoters P R5SGPA and P 2R5SGPA was dramatically changed compared with P ZmBD1 and the other five chimeric bidirectional promoters (Figs. 3, 4) . At all developmental stages, in either the qualitative or quantitative analyses, GFP fluorescence and GUS staining showed higher levels in the endosperm than in the embryo (Figs. 3, 4) . With reversed orientation, P R5SGPA and P 2R5SGPA exhibited bidirectional seed-specific promoter activity in their derived transgenic maize plants (Fig. 5) . Moreover, to test the effects Fig. 4 Quantification of GUS expression during various developmental stages of the seeds of transgenic maize. Embryos and endosperm (including the aleurone layer) of different developmental stages were collected from transgenic maize seeds, and total proteins were extracted. P ZmBD1 is an embryo-specific bidirectional promoter control. En, endosperm; E, embryo; 15, 20, 25 and 30 indicate the development stages of the embryo and endosperm. Values represent the means ± SD (n = 3). Asterisks indicate significant differences: ***P < 0.001. of bidirectional promoters on seed germination, We performed a seed germination test, and the results showed that there are no differences in the germination rate among transgenic maize lines derived from bidirectional promoters (P R5SGPA-R and P 2R5SGPA-R ) and wild-type maize ( Supplementary Fig. S2 ).
Taken together, these results suggest that different seedspecific cis-elements have a negative effect on promoter activity in the embryo but a positive effect in the endosperm. The P RSGA , P 2RSGA and P 2RSPA promoters function as embryo-specific bidirectional promoters, similar to P ZmBD1 , but with moderate promoter strength. The P RSGPA and P 2RSGPA promoters could be considered as seed-specific bidirectional promoters with lower promoter activity in the seed, while the P R5SGPA and P 2R5SGPA promoters are typical seed-specific bidirectional promoters with asymmetric expression in the endosperm and embryo. Engineering of anthocyanin biosynthesis in maize kernels with P 2R5SGPA
The P 2R5SGPA promoter was chosen and constructed in a multiple gene expression vector p2R5SGPA-CL4 to test its characteristics as an engineered bidirectional promoter in plant biotechnology applications. p2R5SGPA-CL4 harboring two gene clusters driven by P 2R5SGPA (Fig. 6A) , four genes involved in anthocyanin biosynthesis (ZmBz1, ZmBz2, ZmC1 and ZmR2) and seven reporter genes (GFP, mCherry, YFP, CFP, GUS, CP53 and AO), was introduced to Hi-II maize by Agrobacterium-mediated transformation.
PCR analysis of the transgenic maize plants (T 2 ) confirmed that all 11 transgenes integrated into the Hi-II maize genome and the transcripts of reporter genes could be detected (Supplementary Fig. S3 ). Kernels at five developmental stages of transgenic maize were collected for analysis of anthocyanin accumulation. As shown in Fig. 6B-D , the accumulation of anthocyanin could be observed by scanning the pigmentation region of the purple kernels that extended from the top to the whole grain (Fig. 6B) , from the outer portion to the inner portion of the endosperm and from immature embryo to mature embryo (Fig. 6C) gradually with the development of maize seeds and in the dried seeds (Fig. 6D ) in all three independent transgenic events. The quantitative analysis of the total contents of anthocyanin showed that the anthocyanin accumulated with the development of maize seeds and attained a peak of 2,910 mg kg -1 DW (Fig. 6E) , higher than the previously reported 1,277 mg kg -1 in a purple maize (Abdel-Aal et al. 2006) . To determine the anthocyanin composition in the engineered anthocyanin-rich maize kernels, seeds of three independent events LX28-1/2/3 and natural varieties were analyzed by HPLC. Cyanidin was the most abundant component, similar to other anthocyanin-containing maize natural varieties, and the content of pelargonidin is higher than that of peonidin ( Fig. 7A, B ; Supplementary Table S4 ). The total anthocyanin of dried seeds in two independent events (LX28-2/3) was higher than that of all natural varieties (Fig. 7C) . To investigate how transgene expression affects endogenous genes involved in anthocyanin biosynthesis in the transgenic maize, we examined the transcripts of 14 genes related to anthocyanin biosynthesis (Supplementary Table S2 ) using semi-quantitative reverse transcription-PCR (RT-PCR) in the 15 and 20 DAP endosperm and embryo of transgenic lines and Hi-II respectively. In transgenic Fig. 7 Analysis of anthocyanin composition and transcripts of related genes in anthocyanin-rich maize seeds. (A) The analysis of anthocyanin composition using HPLC. Del, delphinidin; Cya, cyanidin; Pet, petonidin chloride; Pel, pelargonidin; Peo, peonidin; Mal, malvidin. Quantitative analysis of the anthocyanin components (B) and total anthocyanin (C) in the dry kernels of transgenic maize and natural varieties. Values represent the means ± SD (n = 3). Asterisks indicate significant differences: ***P < 0.001. (D) RT-PCR analysis of the expression profiles of anthocyanin biosynthesis-related genes in the endosperm and embryos of Hi-II and transgenic maize. Purple boxed genes are the endogenous genes driven by the engineered seed-specific bidirectional promoter P 2R5SGPA and introduced to the Hi-II genome. Green, blue and red endogenous genes indicate the genes expressed normally, weakly and non-expressed in Hi-II. maize and Hi-II, the expression profiles of the endogenous genes were similar between the endosperm and embryo. When compared with transgenic maize, there are nine differentially expressed genes in Hi-II, comprising three genes which were absent (ZmBz1, ZmC1 and ZmIn1) and six genes (ZmCHS, ZmF3H, ZmDFR, ZmANS, ZmF3'H and ZmR1) with a low expression level (Fig. 7D) , while all these genes were activated or upregulated in the transgenic maize and generated the engineered anthocyanin-rich purple kernel maize (Figs. 6, 7D ). This may be the reason why the endosperm and embryo of Hi-II maize lack anthocyanin biosynthesis.
Taken together, these results suggest that the engineered seed-specific bidirectional promoters have good application characteristics. Meanwhile, P 2R5SGPA helps to construct the anthocyanin biosynthesis pathway successfully in maize, resulting in the first 'pure purple maize' accumulating anthocyanin in both the embryo and endosperm.
Discussion
Bidirectional promoters exhibit great potential in plant genetics because they can drive the expression of a pair of genes on opposite strands of the genome in diverse species. However, few studies have focused on tissue-specific bidirectional promoters in plant species (Pratibha et al. 2013 , Sharma et al. 2015 , Liu et al. 2016 , Wang et al. 2016 . Only the rice promoter BIP4 has been shown to exhibit bidirectional promoter activity in the seed but low expression activity in the endosperm (Wang et al., 2016) . The major biomass in cereal seeds, however, is the endosperm. In this study, we collected six types of seed-specific ciselements, the RY repeats, Skn-1, GCN4, the prolamin box, and the AACA and ACGT motifs, from the promoters of cereal seed storage protein genes (Bobb et al. 1997 , Washida et al. 1999 , Wu et al. 2000 . Based on functional classification of their roles in the regulation of seed specificity and expression activity, their location order, location region and copy number, four basic ciselement combinations (RSGA, RSPA, RSGPA and R5SGPA) were assembled (Fig. 1A) and fused to the embryo-specific bidirectional promoter P ZmBD1 to generate eight chimeric putative bidirectional promoters (Fig. 1B) . These eight chimeric promoters were synthesized and integrated into the dual reporter gene vector shown in Fig. 2A . Qualitative and quantitative analyses of reporter gene expression in the transiently transformed seeds and transgenic maize plants suggested that we generated three moderate embryo-specific bidirectional promoters, two moderate seed-specific bidirectional promoters with low expression in the outer portion of the endosperm and two seed-specific bidirectional promoters with higher expression in the endosperm than in the embryo (Figs. 3, 4) . These novel tissue-specific bidirectional promoters could provide new promoter resources for plant biotechnology and genetic improvement.
Three research groups have successfully bidirectionalized the minimal 35S CaMV promoter via fusion of foreign cis-elements (Xie et al. 2001) or fusion of another promoter (Zhang et al. 2008 , Lv et al. 2009 ). To broaden the tissue specificity of P ZmBD1 to the whole seed, we fused different seed-specific cis-elements in the promoter region to generate new tissue-specific bidirectional promoters. The difference between these strategies is that the former focused on bidirectionalization of a polar promoter, while ours focused on engineering a bidirectional promoter to expand its tissue specificity. In this study, after fusion of different seed-specific cis-elements, tissue specificity was broadened from the embryo to the whole seed, and reporter gene expression in the embryo was reduced gradually but increased dramatically in the endosperm under the driving force of the chimeric bidirectional promoters P R5SGPA and P 2R5SGPA (Figs. 3, 4) . According to sequence analysis of the embryo-specific bidirectional promoter P ZmBD1 , the only annotated cis-element related to seed specificity was Skn-1, indicating that one or a group of cis-elements stringently control its embryonic expression pattern. The eight types of fused seedspecific cis-element groups may interact with the potential embryo-specific cis-elements, resulting in a change in the expression pattern, namely a decrease in expression in the embryo and an increase in the endosperm (Figs. 3, 4) . This interaction may have also contributed to the low expression observed in the endosperm from the chimeric bidirectional promoters, with the exception of P R5SGPA and P 2R5SGPA , as the two types of ciselement groups are well matched in strength (Figs. 3, 4) . However, the pentamer Skn-1/GCN4 disrupted the balance, resulting in expression in the whole seed (Fig. 3) and dramatically increased expression from the promoters P R5SGPA and P 2R5SGPA (Fig. 4) . According to a study of the rice promoter GluB-1, a fragment containing AACA/Skn-1/GCN4 or GCN4 AACA/ACGT fused to the 46 bp 35S CaMV core promoter conferred hybrid promoter activity, and its activity was also detected when these two fragments were fused to the 46 bp 35S CaMV core promoter in the reverse orientation (Washida et al. 1999) . Two additional studies of the rice promoter GluB-1 reported that when a GCN4 pentamer or two copies of the fragment containing AACA/Skn-1/GCN4 was fused to the 46 bp 35S CaMV core promoter, the hybrid promoters exhibited a higher level of promoter activity (Wu et al. 1998b , Wu et al. 2000 . These results suggest that these cis-elements are orientation independent, and that the multimer form can confer hybrid promoter activity. Furthermore, three TATA boxes in P ZmBD1 may mediate interaction with other cis-elements to activate promoter transcription (Liu et al. 2016 ). The Skn-1 pentamer/GCN4 interaction with the three TATA boxes disrupted the competition balance, resulting in a high level of expression in the endosperm from the promoter P R5SGPA (Fig. 4) , and this tendency was further increased when the double Skn-1/GCN4 pentamer was fused to the promoter region of P 2R5SGPA (Fig. 4) .
Anthocyanin is one kind of flavonoid that colors flowers, leaves, stems and the seeds in the plant kingdom. However, anthocyanin only accumulates in the pericarp or the aleurone layer in cereal plant seed; endosperm with a larger biomass accumulated no anthocyanins although these cells definitely have the same genetic background as aleurone cells. In maize, red phlobaphene pigments studies revealed that Pl (purple plant1) alleles with different DNA sequences and epigenetic states led to pigment accumulation in a tissue-specific manner. Paramutation has been described for four regulatory genes involved in flavonoid biosynthesis: including two bHLH transcription factor genes, r1 (red1) and b1 (booster1), and two R2R3 Myb transcription factor genes, pl1 and p1 (pericarp color1) (Chandler and Stam 2004) . To investigate the molecular mechanism of the lack of anthocyanin in cereal embryo and endosperm during the long course of evolution, we examined the transcripts of 14 anthocyanin biosynthesis-related genes, and nine genes had low or no expression activity (Fig. 7D) . The absence of ZmC1 is the common inherent factor which hindered anthocyanin biosynthesis in cereal plant embryo and endosperm (Shin et al. 2006 , Zhu et al. 2017 as it regulates the expression of three structural genes ZmCHS, ZmDFR and ZmBz1 (Holton and Cornish 1995) . This regulatory mechanism seems to be conserved as ZmR-S and ZmC1 were introduced into rice and activated OsPAL, OsCHS, OsF3H, OsF3'H and OsDFR in the endosperm (Shin et al. 2006) , and ZmLc and ZmPI (homologous to OsC1) could activate OsCHS, OsBz1, SsCHS, SsDFR and SsBz1 (Zhu et al. 2017) . Moreover the expression of ZmC1 is regulated by Vp1 (McCarty et al. 1989) , and C1 requires R genes (e.g. ZmR2) to activate the structural genes (Holton and Cornish 1995, Zhu et al. 2017) . Hence, combined with our previous work in purple embryo maize (Liu et al. 2018) , we simultaneously expressed ZmC1 and ZmR2 in Hi-II maize embryo and endosperm which activate the related structural genes that pair with ZmBz1 and ZmBz2, and successfully generated an anthocyanin-rich germplasm (Fig. 6) . The resulting anthocyanin enrichment in maize endosperm is deemed important because the endosperm is a tissue with a large biomass for industrial processing.
Overall, in this study, engineering of an embryo-specific bidirectional promoter to change its tissue specificity and expression activity resulted in three moderate embryo-specific and two high activity seed-specific bidirectional promoters, providing a useful method of developing new bidirectional promoters. Moreover, we successfully rebuilt the anthocyanin biosynthesis pathway in maize, resulting in the first embryo and endosperm anthocyanin-rich purple maize. These new tissue-specific bidirectional promoters could be used to express multiple genes simultaneously and to investigate complex metabolic pathways, and the anthocyanin-rich germplasm could benefit the food and beverage industry.
Materials and Methods

Synthesis of chimeric bidirectional promoters and expression vector construction
The chimeric promoters containing an XbaI restriction site at the 5' end and an NcoI restriction site at the 3' end were synthesized and cloned into pUC57. The P ZmBD1 promoter in GFP::P ZmBD1 ::GUS was replaced with chimeric putative promoter fragments generated by XbaI and NcoI digestion. All recombinant plasmids were transformed into Mach1-T1 competent cells and cultured in lysogeny broth containing 50 mg l -1 kanamycin.
Maize transient expression system
Immature ears of Hi-II maize were harvested 20 DAP and immersed in 1 liter of sterilizing solution (5% sodium hypochlorite solution with two drops of Tween-20) for 30 min followed by rinsing three times in sterilized water. Immature embryos and endosperms were isolated and submerged in liquid Murashige and Skoog medium (MS medium). After two washes with sterile water, six embryos or endosperm specimens were placed on solid hypertonic medium and bombarded with particle-coated recombinant plasmids using a particle delivery system (Bio-Rad) at 1,100 p.s.i. Bombarded embryos or endosperms were transferred to resting medium for 4 h and incubated at 28 C for 24 h under dark conditions.
Generation of transgenic maize plants
Agrobacterium-mediated stable transformation of immature Hi-II maize embryos has been described previously (Frame et al. 2002) . Approximately 1.0-2.0 mm long immature embryos were dissected from sterilized maize seeds and submerged in the liquid infection medium on a laminar flow bench. The Agrobacterium tumefaciens strain EHA105 harboring the recombinant plasmid was cultured on solid YEB medium for 3 d and scraped into liquid infection medium containing 1% acetosyringone. Embryos were infected with the Agrobacterium strain at an OD 550 of 0.3-0.4 for 5 min under dark conditions. The embryos were then transferred to solid co-culture medium at 20 C for 3 d under dark conditions. Finally, the embryos were transferred to selection medium containing 3 mg l -1 bialaphos for callus induction at 28 C under dark conditions and subcultured every 14 d until resistant calli appeared. Resistant calli were transferred to mature medium to induce the formation of embryoids, which were then transferred to the rooting medium to regenerate plantlets. Transgenic T 0 plants were identified by PCR and herbicide leaf painting.
Detection of reporter gene activity
Transiently transformed immature embryos and endosperm or transgenic maize tissues were first screened for GFP fluorescence using a Leica fluorescence stereoscope equipped with a GFP filter and then immersed in X-Gluc (5-bromo-4-chloro-3-indolyl-b-D-glucuronic acid) solution for histochemical staining (Jefferson et al. 1987) . Duplicate samples of all of the tissues used for qualitative analysis were collected and ground into powder in liquid nitrogen for quantitative analysis of GUS protein expression. The total protein extract and the GUS substrate 4-methylumbelliferyl b-D-glucuronide in a 200 ml reaction were incubated at 37 C for 1 h. The reaction was terminated by transferring 20 ml to 180 ml 0.2 M Na 2 CO 3 in a clear assay plate for quantitative analysis using a microplate reader at excitation and emission wavelengths of 365 and 455 nm, respectively. Each biological sample was tested in triplicate.
Analysis of anthocyanin content in maize kernel
Fresh or dried kernels of natural varieties with different colors and the T 2 generation of transgenic lines were ground thoroughly into fine powder with liquid nitrogen and dried under -50 C. To analyze the total anthocyanin content in the maize kernel, a spectrophotometric method was used as described previously, and cyanidin 3-O-glucoside (CAS: 7084-24-4) was used as standard (Abdel-Aal and Hucl 1999) . HCl (1%) was prepared and mixed 1:1 with 90% ethanol solution resulting in the extraction solution. With a sample to solvent ratio of 1:15, the mixture was treated with ultrasonic extraction for 1 h, and the supernatant was collected following centrifugation at 7,000 r.p.m. for 10 min. The absorbance of a mixture of 1.0 ml of the supernatant with 4.0 ml of NaAc buffer (pH 4.5) or with KCl buffer (pH 1.0) was measured on a UV-vis spectrophotometer at 520 and 700 nm, respectively. The anthocyanin concentration (mg l -1 ) was calculated as follows: C = Af/(eL)103ÂMW [A, the absorbance value difference of the two pH conditions; f, the dilution factor; L, the light path of the cuvette (cm); e, the molar absorptivity (26,900 M -1 cm -1 ); and MW, the molar mass (484.84) of the chosen standard].
For analysis of the composition of anthocyanins, the Thermo Fisher U3000 system was used to analyze anthocyanins at 530 nm, and a C18 column (250Â4.60 mm, 5 mm) was used for separation at 35 C. Elution was performed using a mobile phase consisting of solvent A (10% formic acid in acetonitrile) and solvent B (10% formic acid in water). A mixture of delphinidin (CAS: 528-53-0), cyanidin (CAS: 528-58-5), petonidin (CAS: 1429-30-7), pelargonidin (CAS: 134-04-3), peonidin (CAS: 134-01-0) and malvidin (CAS: 643-84-5) was used as standard control.
DNA and RNA preparation and PCR
The transgenic maize plant leaves were collected for DNA extraction and PCR confirmation of the integration of transgenes. Genomic DNA of transgenic maize plant leaves derived from different constructs was extracted using CTAB (cetyltrimethylammonium bromide) reagent. The 15/20 DAP embryo and endosperm of transgenic maize were collected in preparation for RNA extraction and RT-PCR detection of the transcripts of transgenes, and anthocyanin biosynthesis-related maize genes. RNAiso Plus reagent (TAKARA) was employed to extract total RNA. One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech) was used to synthesize the first-strand cDNA. Maize actin gene primers were used to determine the genomic DNA and cDNA quality. Primers used in this study are listed in Supplementary Table S3 .
Supplementary Data
Supplementary data are available at PCP online. 
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